We report measurements of the mechanical properties of two suspended graphene membranes in the temperature range of 80 K to 550 K. For this entire range, the resonant frequency and quality factor of each device were monitored continuously during cooling and heating. Below 300 K, we have additionally measured the resonant frequency's tunability via electrostatic force, and modeled this data to determine graphene's tension and elastic modulus; both of these parameters are found to be strongly temperature-dependent in this range. Above 300 K, we observe a resonant frequency (and therefore tension) minimum near room temperature. This suggests that the thermal expansion coefficient is positive for temperatures below roughly 315 K, and negative for higher temperatures. Lastly, we observe a large, reproducible hysteresis in the resonant frequency as our graphene devices are cycled between 300 K and 550 K. After returning to 300 K, the measured frequency evolves exponentially in time with a time constant of $24 h. Our results clash with expectations for pristine graphene membranes, but are consistent with expectations for composite membranes composed of graphene coated by a thin layer of polymer residue. Published by AIP Publishing.
I. INTRODUCTION
Despite theoretical work and numerical simulations predicting that suspended graphene should expand as its temperature is lowered (i.e., it should have a negative thermal expansion coefficient, or TEC), 1,2 experimental graphene nanoelectromechanical systems (NEMS) have consistently shown increasing resonant frequencies as they are cooled below 300 K (Refs. 3-5)-suggestive of increased tension and a positive TEC. In some cases, this apparent discrepancy has been attributed to a large positive TEC of the metal at the membrane boundary, 3, 4 but not all devices incorporate such a metal at the boundary. In most devices studied by our group-all of which have historically demonstrated positive TECs at and below 300 K-the graphene is supported on all sides by SiO 2 on Si, both of which have smaller TECs (in magnitude) than that expected theoretically for graphene.
Complicating matters further, graphene NEMS devices are generally expected to have a 1-2 nm layer of polymer residue on their surface. The polymer in question is usually poly(methyl methacrylate), commonly known as PMMA. For graphene grown by chemical vapor deposition (CVD), coating with a layer of $200 nm PMMA is part of a standard process used to remove the graphene from its growth substrate. 6, 7 Graphene that has been exfoliated from bulk graphite is equally susceptible to contamination, since PMMA is typically used as a lithography resist in patterning metal electrodes on top of the exfoliated graphene. 3 While the vast majority of PMMA is easily removed by dissolving in acetone or another solvent, a small portion typically persists on the graphene surface. Even after high-temperature annealing in an H 2 /Ar environment (a process specifically designed to remove PMMA from graphene), an almost full surface coverage of PMMA has been shown to persist. 8 This revelation is consistent with NEMS experiments that have attempted to measure the suspended membrane mass and typically produce a value that is 5-10 times larger than expected for clean monolayer graphene. 3, 4, 9 In order for graphene to realize its potential as tunable, electrically conducting, atomically thin NEMS sensors of ultra-weak forces, masses, and displacements, the influence of surface contaminants and other non-idealities on its mechanical behavior must be fully understood. Similarly, because of the wide range of temperatures at which NEMS devices are employed, a better understanding of the temperaturedependence of graphene's structural properties is needed.
II. EXPERIMENT A. Design
In order to measure the elastic properties of graphene, we suspended it over circular trenches in a Si/SiO 2 substrate, as shown in Fig. 1 . This device geometry is functionally similar to graphene structures used in previous studies by our group. 9, 10 Each device features three metallic electrodes (consisting of 5 nm Ti þ 25 nm Pt) which serve as the Source, Drain, and Gate; the Source and Drain electrodes contact the graphene from underneath, while the Gate electrode is located at a distance d ¼ 1.3 lm below the graphene at the base of the circular trench. A voltage difference V is applied between the Drain and Gate electrodes (as depicted in Fig. 1 2 , where dC/dz is the change in capacitance of the graphene-Gate system per unit vertical displacement of the graphene. The applied voltage can be separated into dc and ac components, V ¼ V dc þ v ac sin xt, where t denotes time and x is the applied drive frequency. Assuming V dc ) v ac (which holds for all of the present measurements), the static and time-varying forces on the membrane can be written as F dc ¼ Àð1=2ÞðdC=dzÞV
The presence of both Source and Drain electrodes allows current to flow through the graphene, which can be useful for current-annealing 11 to remove surface contaminants (e.g., PMMA residue) or for utilizing the graphene transconductance-i.e., the change in conductance G per unit displacement relative to the Gate electrode dG/dz-to readout membrane motion. 12 However, neither of these was employed in this work. Current annealing acts primarily through ohmic heating, and was rejected here in favor of controlled heating of our devices in a custom-built hightemperature sample stage. Furthermore, membrane motion was detected using an all-optical method. This method is more sensitive than the transconductance measurement and does not suffer from the large "background" capacitive signal that often dominates the transconductance resonance signal. Optical detection for graphene NEMS has been described in previous studies, and is akin to optical interferometry. 9, 10 A focused laser beam is incident on the device, and reflected light is collected by a high-speed photo-detector. Because of the graphene's 2.3% optical absorption, it encodes its displacement relative to the Gate (which acts as a static mirror) in the intensity of the reflected laser beam.
B. Device fabrication
We focus primarily on two graphene devices throughout this work: Device 1, with radius R ¼ 2.9 lm, and Device 2, with R ¼ 2.3 lm. A Scanning Electron Microscopy (SEM) image of Device 1 is shown in Fig. 1(b) . Graphene for these devices was grown on Cu foil via CVD, and transferred to the pre-patterned substrate via standard processes. 9, 10, 13 Namely, the as-grown graphene was coated with 150 nm of PMMA, followed by wet etching of the Cu foil, cleaning of the graphene in deionized water, and wet transfer onto the prefabricated device substrate. The graphene (with the PMMA film still present) was then coated with photoresist and patterned to the $25 lm circular region shown using optical lithography and plasma etching. Finally, the PMMA and photoresist layers were removed by soaking in Microposit Remover 1165 (1-methyl-2-pyrrolidine) at 80 C, followed by critical point drying in isopropyl alcohol to gently remove the devices from solution. Devices 1 and 2 originate from the same CVD graphene growth, and are located on the same substrate (a roughly 1 cm 2 Si chip).
C. Experimental apparatus
Diagrams of our experimental setup are shown in Figs. 1(c) and 1(d). Two separate test chambers are used to study the low-temperature (80-300 K) and high-temperature (300-550 K) behavior of our graphene membranes. For lowtemperature measurements [ Fig. 1(c) ], an open-loop flow cryostat is employed. The graphene sample is located inside a vacuum chamber with optical access, and is mounted on piezo-electric translation stages in order to focus the detection laser directly on the desired device. The sample is thermally linked directly to the "cold finger" at the base of the cryostat via a braided Cu wire. For high-temperature measurements [ Fig. 1(d) ], the sample is mounted on a Cu stage which has an embedded resistive heater and is thermally isolated from the walls of the test chamber by ceramic support posts. In both test chambers, the ambient pressure is maintained below 10 À6 Torr by an external ion pump.
D. Procedure
At a given temperature, we can measure the elastic properties of a graphene membrane by measuring its resonant frequency as a function of the applied electrostatic force F dc . This applied force pulls the graphene towards the Gate, stretching it, and thereby increasing its tension by an amount commensurate with its Young's modulus and the induced strain. The resonant frequency of a circular membrane is given by x 0 ¼ ða=
, where a is a dimensionless constant and R, r, and q are the membrane radius, tension, and mass per unit area, respectively. The tension is a combination of intrinsic tension r 0 and electrostatically induced tension Dr ¼ ð1=2ÞEhðDA= AÞ, where DA=A is the fractional change in surface area due to deflection, h is the membrane thickness, and E ¼ Y=ð1 À 2 Þ is the in-plane modulus. Here, Y and are the membrane Young's modulus and Poisson ratio. We will henceforth refer to the combination Eh as the 2-Dimensional (2D) modulus. For pristine graphene, the material parameters are q ¼ 0:75 kg=m 2 and Eh ¼ 340 N=m (Ref. 14) . These values cannot be assumed for our devices because of non-idealities such as surface contaminants and multi-grain CVD graphene.
If the applied voltage V dc is varied over a large enough range, the three parameters q, r 0 , and Eh can be extracted from a polynomial fit of the type
Expressed in terms of physical parameters, this is
where b is a dimensionless constant and 0 is the permittivity of free space. The V 0 dc and V 4 dc -order terms in this expression describe a tensioned membrane under electrostatic load as described above, and the V 2 dc -order term represents a nonlinear dynamics effect known as capacitive softening. This is caused by modulation of the graphene-Gate capacitance (and hence the applied force F dc ) as the membrane vibrates. The gradient of this force dF dc =dz acts as a negative spring constant, reducing the resonant frequency. This effect is common in capacitively driven NEMS structures. Although all membrane modes will in theory obey Eq. (1), we focus solely on the fundamental mode, where a % 2:4048 and b % 0:1316. A derivation of Eq. (1) is provided in the supplementary material.
Shown in Fig. 2 (a) is a sample data set for Device 2 measured at 300 K. Here, the vibration amplitude (in units of lV produced by the photo-detector) is measured as a function of drive frequency and V dc , where V dc is the slow scan axis. We note that in order to obtain an adequate signal to noise ratio, the membrane is in some cases driven into the nonlinear "Duffing" regime. That is, the amplitude of motion is sufficiently large that the measured linescans are strongly asymmetric nonlinear linescans, a fit to the phase and amplitude (black lines) allows us to extract the true resonant frequency, which does not coincide with the peak amplitude. In this way, the resonant frequency x 0 is measured at each voltage V dc and fitted to a modified version of Eq. (1), as shown in Fig. 2(b) ; the full fitting model substitutes the total tension r ¼ r 0 þDr into the denominator of the V 4 dc term, producing better results at high V dc , while maintaining only three freeparameters q, r 0 , and Eh. See the supplementary material for more details. In fitting the resonant frequencies [black lines in Fig. 2(b) ], positive and negative V dc data are fitted separately to allow for slight temperature variations over the slow V dc scan, and fit parameters are then combined in an inverse-variance weighted average. Uncertainties in the resulting parameters q, r 0 , and Eh reflect 68% confidence intervals based on the residuals of the fits.
III. RESULTS
Low-temperature data for Devices 1 and 2 is shown in Figs. 3 and 4 . In both cases, the sample temperature T was lowered from 300 K to 80 K in 20 K increments and then returned to 300 K at the same rate. As can be seen in both data sets, the x 0 versus V dc curves shift upward in frequency and flatten considerably as the temperature is decreased below 300 K. Because of the flattening of this data, the 3-parameter fit for q, r 0 , and Eh described above becomes increasingly unreliable at low temperatures. To counteract this, the 3-parameter fit was performed only initially at T ¼ 300 K, and the resulting mass density q was used in a 2-parameter fit at all lower temperatures. The assumption that q remains constant over the entire temperature range is justified because: (1) a constant vacuum is maintained throughout the experiment, so any adsorption or desorption of gases from the membrane surface is minimal. (2) The membrane is far from the coldest component of the cryostat, meaning that any potential cryopump effect that could lead to increased gas and mass adsorption is also negligible. Because our fitted value of q at 300 K has some associated uncertainty, a Monte-Carlo approach was used in the 2-parameter fits (each fit was performed 500 times using random, normally distributed q values) to estimate the error bars for r 0 and Eh.
The measured mass of each device at T ¼ 300 K is (in units of graphene monolayers): q ¼ 7. Figs. 3(b) and 4(b) . Both devices show a monotonic increase in r 0 and Eh as the temperature decreases. We note that this increase in r 0 is counter to expectations for ideal graphene, as its negative thermal expansion coefficient (TEC) of a g % À4:8 Â 10 À6 K À1 (Ref.
2) should be large enough in magnitude to counter the thermal contraction of the surrounding Si substrate with a Si % 2:6 Â 10 À6 K À1 (Ref. 15 ). Furthermore, our measured values for Eh at 300 K are much smaller than the 340 N/m expected for ideal graphene. This incredible softening of CVD graphene has been studied previously in great detail, and is likely due to grain boundaries and nm-scale ripples in the membrane surface. 16, 17 The variation in Eh between our two devices is also consistent with previous experiments. 17, 18 As a final remark on Figs. 3 and 4 , the observed upward trends in r 0 and Eh at low temperatures agree well with unpublished measurements made on similar devices using static behavior rather than dynamics; 19 in that experiment, tension and modulus were measured by applying an electrostatic load and using a nonlinear model to fit the resulting force-displacement curve.
The behavior of our devices within the entire temperature range of 80 K-550 K is summarized in Figs. 5 and 6 . Here, the resonant frequency x 0 and quality factor Q were measured (from continuously repeated linescans) using constant voltage V dc as the temperature was varied. Both devices are located on the same substrate (i.e., the same Si chip), so although only one device could be monitored during any given temperature cycle, both devices share the same thermal history. The data below room temperature in Fig. 5 was measured along with data in Fig. 3 , using a voltage of V dc ¼ -16 V. We observe greatly enhanced Q factors at low temperatures, consistent with previous experiments, 3, 5 and slight hysteresis in x 0 upon returning to 300 K. During heating to 520 K, V dc sweeps were performed on Device 1 in 20 K increments in order to track its mechanical parameters (q, r 0 , and Eh) as was done at cryogenic temperatures. This, however, led to degradation of the resonant frequency and Q, as evidenced in Fig. 5 . At the highest temperatures, downward shifts in frequency were observed immediately following each V dc sweep, possibly due to slipping of the graphene on the substrate or to a conformational change of polymer contaminants on the graphene. The observed hysteresis upon returning to 300 K was irreversible, and the measured values of q, r 0 , and Eh during the cycle (not shown here) were erratic. Upon a second heating cycle to 550 K (not shown), Device 1 failed and was thereafter unusable.
The data shown in Fig. 6 for Device 2 was measured without intermediate V dc sweeps; a constant voltage of V dc ¼ 3 V was maintained throughout. Considerable hysteresis is seen during the 300 K-550 K heating cycle, but this proved to be largely reversible. Multiple heating cycles at various heating rates produced similar results to those shown. We observed that when maintaining a fixed temperature (e.g., at 550 K or 300 K in Fig. 6 ), the resonant frequency (and the Q) of the membrane evolves exponentially in time as x 0 ðtÞ À x sat / e Àt=s , where x sat and s are the saturation value and time constant, respectively. This is depicted in Fig. 7 . In order to study this behavior further, a second In the lower panel, the triangles represent saturation frequencies measured during a subsequent heating cycle in which the temperature was varied in 50 K increments; here, each temperature was held constant for several hours to allow the membrane to reach equilibrium. Upward (downward) triangles: saturation frequencies measured during heating (cooling).
heating cycle was performed in which the temperature was varied in 50 K increments and maintained at each temperature for several hours. The resulting saturation frequencies are shown in Fig. 6 , and display a near complete closing of the hysteresis loop. Interestingly, time constants measured during heating (upward triangles) were typically 1-2 h, while those measured during cooling (downward triangles) were typically 12-24 h.
We note that the data for Device 2 shown in Figs. 6 and 7 was taken after all measurements of Device 1 (meaning that the device had previously been cycled to 80 K and 550 K), but prior to the measurements shown in Fig. 4 . In the intervening time between the measurements of Figs. 6 and 4 (12 weeks in total), the device was stored under vacuum and electrically grounded at V dc ¼ 0. Still, there was a marked change in resonant frequency at 300 K between measurements, the source of which remains unknown.
IV. DISCUSSION
There are several observed thermal effects in our two devices which are wholly unexpected for pristine graphene membranes. These include: (1) a non-monotonic resonant frequency as a function of temperature, (2) a strongly temperature-dependent 2D modulus Eh, and (3) long time constants for frequency relaxation after heating. We conjecture that all of these effects can be explained by a thin layer of polymer residue (most likely the PMMA used during fabrication) on the graphene surface. As mentioned earlier, a thin film (1-2 nm) of PMMA is known to persist on CVD graphene even after standard annealing methods are implemented to remove it. 8, 20 To elucidate this further, we can model our membranes as consisting of monolayer graphene with modulus, thickness, and TEC given by E g , h g , and a g coated by a polymer film with corresponding parameters E p , h p , and a p . The effective 2D modulus and TEC of the composite membrane can then be approximated as 21, 22 Eh
Here, all the parameters E g , E p , a g , and a p are expected to be functions of temperature. The tension r 0 of such a composite membrane would then depend on temperature as
Here, e 300K is the graphene strain at room temperature, and a Si ðTÞ is the TEC of the surrounding substrate. For consistency with our experimental observations (discussed below), we have assumed in Eq. (4) that the polymer has zero strain at room temperature. Note that temperature-dependence of r 0 arises not only due to thermal expansion, but also from the temperature-dependent moduli. Within our experimental temperature range of 80-550 K, the substrate expansion a Si Շ3:7 Â 10 À6 K À1 (Refs. 15 and 23) is expected to be smaller in magnitude than either graphene or PMMA.
Using the reported values for the volumetric mass density, 24 modulus, 25 and TEC 26 we can estimate the thickness of our polymer films and their contribution to the overall membrane TEC as given by Eq. (3). Undoubtedly, the material properties of PMMA can vary based on molecular weight and can differ between the bulk material and thin films, but this should suffice to give a qualitative explanation of our observations. The measured mass densities of our membranes of q % 6-7 graphene monolayers suggest the polymer films have thickness h p % ) then reveals that the TEC of PMMA should dominate the composite membrane TEC at room temperature. Furthermore, because the TEC and modulus of graphene are expected to remain roughly constant at low temperatures, 2 while for polymers (and PMMA specifically) the modulus is expected to rise, 27 the composite membrane should continue to have a TEC a > 0 below 300 K. This is consistent with our measurements of r 0 (T) and x 0 (T) as presented in Figs. 3-6 , as well as our observed increase in Eh at low temperatures.
At some temperature T > 300 K, PMMA is expected to pass through its glass transition. During this transition, it changes from a rigid, glassy state to a soft, rubbery state; this is characterized by a sudden drop in Young's modulus E p by up to three orders of magnitude. 27 Therefore, when our composite membrane passes through the glass transition temperature, its TEC a(T) should transition from being PMMAdominated to graphene-dominated, and we should observe a sudden change from a > 0 to a < 0. For bulk PMMA, the glass transition temperature occurs at T % 380 K; 28 however, for PMMA and other polymers, this transition has been shown to shift to lower temperatures as the film thickness decreases. [29] [30] [31] [32] [33] We thus interpret the minimum in resonant frequency observed for Device 2 at T % 315 K (in Fig. 6 ) as indicative of the PMMA passing through its glass transition, and giving way to the negative thermal expansion of graphene a g at higher temperatures. Because this transition (and the inferred sudden drop in E p ) is not accompanied by a sharp downward frequency shift, we infer that the in-built strain e 300K is present only in the graphene layer. That is to say, the PMMA layer has a negligible strain at 300 K. This is reflected in Eq. (4).
The hysteresis and long time constants seen in Figs. 6 and 7 are also consistent with polymer relaxation. The long time constants observed can be a sign of creep (i.e., very slow deformation) of the polymer in response to the everpresent tensile stress applied to it by the graphene-both in the glassy and rubbery states. [34] [35] [36] Particularly during cooling and vitrification (i.e., re-entering the glassy state), relaxation times in polymers are known to increase dramatically; timescales of several hours are common near the glass transition. 28, 37 Because the polymer layers on our devices are only a few molecular chains thick and under constant tensile stress from the graphene, time constants for creep and relaxation may vary substantially from that expected of bulk PMMA. The previously mentioned downward shift in resonant frequency observed in Device 2 between Figs. 4 and 6 over 12 weeks may also be a result of aging of the PMMA. 38 An alternate explanation for the long time constants observed in Device 2 above 300 K is that mass (e.g., trace gases in the vacuum chamber such as water vapor) is adsorbing onto or desorbing from the membrane surface-despite the low pressures $10 -6 Torr used. Such an effect would be consistent with the slow rise in frequency at 550 K and the fall in frequency at 300 K shown in Fig. 7 , as adsorbates leave the membrane at high temperatures and are re-adsorbed (at a much slower rate) at low temperatures. Attempts to discount this theory-by performing V dc sweeps to measure q during the frequency relation at 300 K-have thus far been inconclusive. This effect may therefore contribute to the apparent negative TEC observed above 315 K, and further testing is needed. For the frequency decay observed in Fig. 7 at 300 K to be entirely adsorbate-driven, a change in frequency from 26 MHz to 22 MHz suggests a 40% mass increase (assuming tension is constant). Using the measured value of q ¼ 6.1 monolayers in steady state at 300 K, this corresponds to an increase in mass of roughly 2 graphene monolayers.
Finally, we note that the potential presence of ripples on the graphene surface 16, 17 could also play a role in the observed trends in modulus and tension. Indeed, it is unclear how such ripples would affect the membrane's dynamical behavior, or how the ripple amplitude would depend on the temperature and thermal history of the device. However, the long time constants observed in our devices-which we have attributed to PMMA relaxation-seemingly cannot be explained by ripples, as they should form near-instantaneously as the membrane temperature changes. Repeated measurements of the high-temperature data in Fig. 6 ) (not shown), suggest that no new ripples are formed during the heating cycle shown.
V. CONCLUSION
In summary, we have studied the mechanical properties of two tensioned CVD graphene membranes under vacuum in the temperature range of 80 K-550 K. We observe a number of behavioral responses of the membranes that are inconsistent with our expectations for pristine, single crystal graphene. Namely: (1) the measured mass density q corresponds to 6-7 times that of monolayer graphene. (2) The measured membrane tension r 0 and 2D modulus Eh both increase as the temperature is decreased below 300 K, in contrast to the expectations of a negative TEC and constant modulus. (3) The resonant frequency has a minimum at T % 315 K. (4) The resonant frequency evolves with long time constants of 1-2 h during heating above room temperature, and 12-24 h while cooling back to room temperature. All of these observations are consistent with a thin 1-4 nm film of PMMA residue on the graphene surface, although the high temperature measurements may be confounded by desorption and adsorption of gasses in our high vacuum test chamber, or by ripples present on the graphene surface. These results indicate that while graphene mechanical resonators benefit from the low mass and electrical conductivity of graphene, many of the mechanical properties of these devices are ultimately dominated by polymer contaminants and other non-idealities. The loss modulus of PMMA may also play a dominant role in determining the Q factor of graphene devices, which are known to be substantially lower than most other resonating membrane systems. 39 
SUPPLEMENTARY MATERIAL
See supplementary material for a derivation of Eq. (1), additional information on fitting of the resonant frequency versus gate voltage, and details on the fitting algorithm used for Duffing resonance peaks. Also provided are alternative versions of Figs. 3(b) and 4(b) in which the mass density q was not held fixed but used as a third fitting parameter in addition to r 0 and Eh.
